Soil carbon accumulation is largely dependent on net primary productivity. To our knowledge, there have been no studies investigating the dynamics of carbon accumulation in weathered subtropical soils, especially in managed eucalyptus plantations. We quantified the seasonal input of leaf litter, the leaf decomposition rate and soil carbon stocks in an commercial plantation of Eucalyptus saligna Labill. in southern Brazil. Our goal was to evaluate, through multiple linear regression, the influence that certain chemical characteristics of litter, as well as chemical and physical characteristics of soil, have on carbon accumulation in soil organic matter fractions. Variables related to the chemical composition of litter were not associated with the soil carbon stock in the particulate and mineral fractions. However, certain soil characteristics were significantly associated with the carbon stock in both fractions. The concentrations of nutrients associated with plant growth and productivity, such as phosphorus, sulfur, copper and zinc, were associated with variations in the labile carbon pool (particulate fraction). Clay content was strongly associated with the carbon stock in the mineral fraction. The carbon accumulation and stabilization in weathered subtropical Ultisol seems to be mainly associated with the intrinsic characteristics of the soil, particularly clay content, rather than with the quantity, chemical composition or decomposition rate of the litter.
Introduction
The main source of soil organic matter (SOM) is the carbon dioxide fixed by photosynthesis and incorporated into the SOM fraction through the decomposition of leaves, stems and roots. The composition of plant tissues is a major factor influencing the process of their decomposition and soil carbon incorporation in temperate ecosystems (Kögel-Knabner 2002; Kleber et al. 2007) . The soil organic carbon may reside in more labile or stable organic matter according to the chemical composition and recalcitrance of plant residues (Berg & McClaugherty 2008) . Organic compounds with a high rate of decomposition, mainly soluble carbohydrates, represent pools of organic matter that are more labile, whereas lipids, waxes and lignin have a slower rate of decomposition and are considered compounds that are more stable or recalcitrant.
The differentiation of soil organic carbon into labile carbon (defined by its residence time of months to years) and recalcitrant carbon (with a residence time of decades to hundreds of years) can improve understanding of the mechanisms associated with the stability of carbon in soil. The granulometric fractionation of soil is a methodology that can be used to differentiate and quantify labile and recalcitrant pools of SOM (Cambardella & Elliot 1992 , Bayer et al. 2004 . The particulate fraction ( 53 μm, labile) has a composition comparable to that of plant material in the initial phase of decomposition. The mineral fraction (< 53 μm, stable) includes organic molecules that exhibit strong interactions with minerals in the silt and clay fractions in a more advanced stage of humification (Christensen 2001; Six et al. 2001) .
In addition to the influence that the chemical composition of plant residues has on the process of decomposition and incorporation of SOM, Morris et al. (2007) showed that soil characteristics have a strong influence on the dynamics of carbon accumulation. Those authors found that the availability of calcium and nitrogen were strongly associated with higher carbon storage in soil. Studies have supported the idea that the concentration of cations is important for the stabilization of SOM, especially in soils of temperate regions that have high levels of these ions (Clough & Skjemstad 2000) . However, in most weathered soils, which are characteristic of southern Brazil, the stabilization of SOM occurs through interaction with mineral surfaces and metal ions via ligand exchange or by establishing weak interactions, such as Van der Waals interactions or H bonding (Lützow et al. 2006) . In addition, the availability of nitrogen might be related to increases or decreases in SOM decomposition rates (Fog 1988; Hobbie 2000) .
The relationships among the chemical composition of plants, soil characteristics and soil carbon accumulation in forest plantations of eucalyptus have not been investigated, and the elucidation of the mechanisms associated with the soil carbon accumulation is important for understanding the dynamics of organic matter in weathered soils in the southern region of Brazil. The objectives of this study were to investigate the relationship between soil characteristics and carbon accumulation in SOM fractions; to determine the influence that the chemical composition of leaf litter has on carbon accumulation in SOM fractions; and to analyze the process of decomposition of the leaves of Eucalyptus saligna Labill. (Myrtaceae), especially the relationship between lignin concentration and soil carbon stocks.
Material and methods

Study site and experimental design
The study was conducted in a commercial eucalyptus plantation, operated by the Brazilian company Celulose Riograndense, within the "Terra Dura" zone of the city of Eldorado do Sul (51°35'38.43"W; 30°10'51.04'S), in the state of Rio Grande do Sul, Brazil. According to the Köp-pen classification system, the climate of the region is type Cfa (humid subtropical). The mean±standard deviation (SD) annual rainfall during the experimental period was 1891±93.5 mm, and the mean monthly temperature was 18.2±4.5°C. The soil in the area is an Ultisol, with an average composition of 50% sand, 10% silt and 40% clay, as evaluated at two soil depths (0-25 cm and 25-50 cm). The chemical characteristics and soil pH at both soil depths were evaluated according to the methodology proposed by Tedesco et al. (1995) and are presented in Tab. 1.
Soil and plant measurements were conducted in an area devoted to monoculture of Eucalyptus saligna Labill. (Clone 4039). At the time of the study, the E. saligna individuals in the area were three years old, halfway through the cycle in the second rotation. There were 1666 trees per hectare, with a spacing of 4 × 1.5 m between individuals. In the study area, we delineated a transect of 1500 m 2 and established six 10 × 10 m plots, distributed along the transect, 10 m apart. During establishment of the trees, the soil of the area had been prepared with a nitrogen-phosphorus-potassium top dressing (15-0.7-30; 200 g/plant) . In each experimental plot, we collected samples of soil and leaf litter for subsequent chemical analysis. Data were collected between May 2009 and June 2010.
Quantification of total soil organic carbon and soil carbon fractions
Using an graduated auger, we collected individual soil samples at five different locations within each plot and homogenized those into composite samples for each of the two depths evaluated. From each composite sample, three subsamples were taken for analysis of total organic carbon (TOC), as well as the fractions of particulate organic carbon (POC) and mineral carbon. The TOC was determined with a carbon analyzer (TOC-V; Shimadzu Scientific Instruments, Columbia, MD, USA), and the fractions were obtained by the granulometric fractionation method proposed by Cambardella & Elliot (1992) .
Soil sub-samples were initially dried at 50°C, sieved through a 2-mm mesh sieve and subjected to quantification of TOC and POC. In brief, 20 g of soil from each subsample were added to 60 ml of sodium hexametaphosphate (5 g L −1 ) and agitated for 15 h in 100-ml snap-cap flasks. The soil suspension obtained was passed through a 53-μm mesh sieve with the aid of a water jet. The material retained on the sieve, regarded as the POC fraction, was dried at 50°C. After each sample had dried, we determined its mass and ground it in a mortar for later determination of organic carbon in the Shimadzu carbon analyzer. The content of mineral-associated carbon (MAC) was calculated as the difference between the POC and TOC.
The total stock of organic carbon and carbon stocks in the fractions were calculated using the following equation:
where Stock is the stock of organic carbon (mg ha −1 ), C organic is the concentration of organic carbon (g kg −1 soil), BD is the bulk density of the soil (g cm −3 ), and L is the layer thickness (cm). Bulk density was determined with volumetric metal rings, as described by Pauletto (1997) .
Seasonal litter production
Litter samples were collected monthly in 0.25-m 2 collectors (0.50 × 0.50 m) that were 15-cm deep with a bottom screen of fine nylon mesh. In each experimental plot, we distributed four litter collectors under the trees in May 2009. The samples were collected monthly between May 2009 and June 2010 (12 monthly collections). After each collection, the litter collectors were placed back into their original positions under the trees. Each month, the material collected each month was dried in an oven at 50°C for 24 h, after which it was manually separated into three fractions: leaves, twigs and bark. After screening, each fraction was again dried in an oven at 60°C to a constant weight and then weighed. The fractions of leaf litter produced during the winter, spring, summer and autumn were calculated as the sums of the monthly inputs, by season: winter (June, July and August); spring (September, October and November); summer (December, January and February); and autumn (March, April and May). The mean seasonal production of leaf litter mass was expressed in t ha −1 .
Nutrients and carbon concentration in leaf litter
The seasonal concentrations of carbon and nutrients were analyzed in the spring and autumn leaf litter fractions, which proved to be contrasting in terms of litter mass and leaf phenology. Samples of the leaf litter were dried at 60°C and macerated, after which ≈ 2 g were taken in order to quantify the concentration of carbon in the Shimadzu carbon analyzer (in mg ha −1 ). For the nutrient analysis, 5 g of each sample were sent to the Soil Analysis Laboratory of the Federal University of Rio Grande do Sul School of Agronomy. The concentrations of leaf litter nutrients were assessed according to the methodology proposed by Tedesco et al. (1995) and expressed as g kg −1 or mg kg −1 . 
Leaf litter decomposition rate
The leaf litter decomposition rate was determined by the litter-bag method (Berg et al. 1993) . In May 2009, recently fallen senescent leaves were collected, dried at 60°C, weighed and placed into 25 × 25 cm nylon litter bags. A total of 72 litter bags, each containing 5 g of dried senescent leaves, were buried in the soil near the litter collectors distributed in each of the six plots (six litter bags per plot). On day 0, as well as at months 1, 2, 4, 6 and 12, one litter bag was collected from each plot and weighed. The leaf decomposition rate was expressed as the percentage of mass that remained in the litter bags in relation to initial mass. We determined the decomposition constant using the litter-bag decomposition data and the formula devised by Olson (1963) :
where M t is the mass remaining at time t, M 0 is the initial mass, e is the exponential constant, and k is the decomposition constant. The carbon concentration was analyzed in the Shimadzu carbon analyzer on day 0 and at month 12.
Leaf and leaf litter lignin content
The concentration of lignin was analyzed in the leaf litter fraction produced during the spring and autumn and in the litter bags on day 0 and at month 12. Samples of the leaf litter fraction and litter bags (0.05 g) were homogenized in 50 mM potassium phosphate buffer (1.2 ml, pH 7.0) with a mortar and pestle and transferred to an Eppendorf tube (Ferrarese et al. 2002) . The pellet was centrifuged (1400 ×g, 4 min) and washed by successive stirring and centrifugation as follows: twice with phosphate buffer pH 7.0 (1.2 ml); thrice with 1% (v/v) Triton ® X-100 in pH 7.0 buffer (1.2 ml); twice with 1 M NaCl in pH 7.0 buffer (1.2 ml); twice with distilled water (1.2 ml); and twice with acetone (800 μl). The pellet was dried in an oven (60°C, 24 h) and cooled in a vacuum desiccator. The dry matter was defined as the protein-free cell wall fraction. The reaction mixture (200 μl of thioglycolic acid plus 1 ml of 2 M HCl) was then added to the Eppendorf tube and heated (95°C, 4 h). After cooling at room temperature, the sample was centrifuged (1400 ×g, 5 min) and the supernatant was discarded. The pellet contained the lignin-thioglycolic acid (LTGA) complex. The pellet was washed three times with distilled water (1.2 ml), and the LTGA was extracted by shaking (30°C, 18 h, 160 oscillations/min) in 0.5 M NaOH (1 ml). After centrifugation (1400 ×g, 5 min), the supernatant was stored. The pellet was washed again with 0.5 M NaOH (500 μl) and mixed with the supernatant obtained earlier. The combined alkali extracts were acidified with concentrated HCl (300 μl). After precipitation (0°C, 4 h), the LTGA was recovered by centrifugation (1,400 ×g, 10 min) and washed two times with distilled water (7 ml). The pellet was dried at 60°C, dissolved in 0.5 M NaOH and diluted to yield an appropriate absorbance for spectrophotometric determination at 280 nm. Lignin was expressed as mg LTGA/g of dry weight.
Relationship between soil characteristics, leaf litter characteristics and soil carbon concentration
The nonparametric Kruskal-Wallis test was used initially to select a set of soil granulometric characteristics (clay content, sand content, silt content and pH) and chemical characteristics (nitrogen, phosphorus, potassium, calcium, magnesium, aluminum, sulfur, zinc, copper, manganese) that would be most closely associated with spatial variations in the soil characteristics in the study area. The variables selected by the Kruskal-Wallis test were clay content, pH, potassium, phosphorus, aluminum, calcium, magnesium, the calcium:magnesium ratio, sulfur, zinc and copper. To analyze those variables, we used multiple regression for the two dependent variables (carbon stock in the POC and MAC fractions), in an attempt to establish the contribution of each independent variable to explaining the variability in soil carbon concentration. Data were analyzed with the Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA), and values of p≤0.1 were considered significant. The relationships between the independent variables (leaf nutrient concentration, lignin concentration, the carbon:nitrogen ratio and the lignin:nitrogen ratio in the leaf litter fraction) and the dependent variables (concentrations of the POC and MAC fractions) were also determined through multiple linear regression with SPSS, also at a level of significance of p≤0.1.
Soil and litter differences
We used Tukey's test to analyze the differences between the two soil depths, in terms of the soil carbon stock, as well as the chemical and physical characteristics of the soil; the differences between the seasons, in terms of the chemical characteristics of the leaf litter; and the differences among the decomposition times, in terms of the mass of the litter bags. Analyses were again performed with SPSS, and the level of significance was set at p≤0.05.
Results
Soil and litter
The soil carbon stock had a higher proportion of MAC (80-92% of the TOC) than of POC (8-20% of TOC). In the MAC and POC fractions, the soil carbon concentration was significantly higher in the samples for the 0-25 cm depth than in those for the 25-50 cm depth (Fig. 1) . As can be seen in Fig. 2 , the mean seasonal leaf litter production was similar among winter, spring and summer (1.5-2.6 t ha −1 ), whereas it was significantly lower in the autumn (1.2 t ha −1 ). Because the greatest contrast, in terms of leaf litter mass, was between spring and autumn, we compared those two seasons in order to identify any differences in the concentrations of carbon and nutrients in the leaf litter fraction. We found a significant difference between spring and autumn in terms of the mean concentration of carbon in the leaf litter (0.96 vs. 0.65 mg ha −1 , p<0.001), as well as the percentage of carbon in the leaves (Tab. 2). The chemical composition of the leaf litter produced in the spring showed significant differences in comparison with that of the leaf litter produced in the autumn: for lignin (p=0.05); for phosphorus (p<0.001); for potassium (p<0.001); for calcium (p<0.001); for iron (p=0.043); for manganese (p<0.001); and for boron (p<0.001). The other macronutrients and micronutrients evaluated did not differ significantly different between the two seasons (Tab. 2).
Leaf decomposition
In relation to the initial mass, there was an mean reduction of 38.2% in the mass of the Eucalyptus saligna leaves after 12 months of evaluation. . The litter-bag mass was significantly lower after 4, 6 and 12 months of decomposition than on day 0 (Fig. 3) . The decay constant, expressed as mean±standard error, was 0.49±0.027. The most rapid reduction in litter-bag mass was observed in the first 30 days of assessment (0.017 g day −1 ), despite the absence of a significant difference between day 0 and month 1 (day 30) in the litter bag mass. After 6 months (180 days) and 12 months (365 days), the mass reduction rate was 0.0058 g day −1 and 0.0053 g day −1
, respectively. The carbon concentration in the litter bags after 12 months was significantly lower than that observed on day 0 by an average of 5%, corresponding to a reduction rate of ≈ 0.25 g yr −1 . The lignin concentration in the litter bags after 12 months of decomposition showed a mean annual reduction of 0.94 μg mg −1 .
Soil carbon accumulation
The variables selected by the Kruskal-Wallis test were significantly associated with the variations observed in the POC and MAC fractions (p=0.001 and p<0.001, respectively). Phosphorus, sulfur, zinc and copper concentrations exerted the greatest effects on the particulate carbon concentration at both of the depths evaluated. The variables that best explained the variation observed in the carbon stocks within the MAC fraction were clay content, pH and copper concentration (Tab. 3). When multiple linear regressions were performed separately for each soil depth, none of the variables tested had any significant effect on the POC and MAC fractions at the 25-50 cm depth; the only variable that had any such effect at the 0-25 cm depth was clay content (p=0.03).
None of the chemical characteristics of the leaf litter were associated with the observed variations in the carbon stock in the POC fraction (p=0.189) or in the MAC fraction (p=0.872) at either of the depths evaluated (Tab. 4). To determine whether such chemical characteristics were associated with the carbon stock in the superficial soil layer, we repeated the linear regression analysis for the POC and MAC fractions at the 0-25 cm depth. However, that analysis revealed no significant relationships (p0.1 for all).
Discussion
The SOM is not homogeneous, being characterized by different fractions that reflect different stages of decomposition of organic residues. The physical fractionation of the SOM allows the mechanisms of protection and stabilization of soil carbon levels to be investigated and proposes a hi- erarchical organization of the interactions between carbon and minerals in the soil (Roscoe & Machado 2002 , Mello 2006 . In this study, we chose the granulometric method of fractionation to separate the carbon pools of the SOM into the mineral-associated carbon (MAC fractions) and particulate organic carbon (POC fractions). Our results show that the carbon in the MAC fraction accounted for ≈ 90% of the TOC, indicating that carbon with more residence time in soil is the main component of the TOC in managed eucalyptus forests. The carbon stock in the POC fraction, characterized by lability and a composition similar to that of vegetable residues in the early stages of decomposition, comprised a much smaller fraction of the TOC (≈ 10%).
The soil carbon accumulation in eucalyptus forests does not seem to be directly associated with amount of litter added to the soil (Sausen, 2011) . Six et al. (2002) suggested that the physical and chemical characteristics of soil define the capacity for the protection of soil carbon pools, limiting the ability of soil to sequester more carbon, even when the input of organic residues increases. Christensen (1996) and Six et al. (2002) pointed out that SOM accumulation is influenced by chemical characteristics of organic residues and their decomposition process, by the stabilization of organic matter through reactions with mineral surfaces and by the protection of organic residues through training physical barriers.
Our results indicate that certain chemical and physical variables have a positive relationship with the soil carbon stock in both SOM fractions. Of the variables tested, clay content, copper concentration and pH were significantly associated with the variation in the MAC fraction, whereas phosphorus, sulfur, copper and zinc concentrations were responsible for the variation in the POC fraction.
The stabilization of SOM involves the association of organic matter with clay and silt particles, represented by the carbon stock in the MAC fraction. In fact, our results indicate a positive relationship between the clay content and the MAC fraction, confirming the characteristic of this fraction to represent a stable carbon pool, strongly adsorbed to soil mineral surfaces. The observed relationship between copper concentration and the MAC fraction might be associated with the role of metal cations in the stabilization of the SOM (Alloway 1990) , whereas the soil pH seems to influence the cation exchange capacity between the soil solution and the SOM (Canellas et al. 2008) . Schjønning et al. (1999) and Thomsen et al. (1999) suggested that the mechanisms of aggregation between the organic matter and mineral particles to form organo-mineral complexes are associated with the physical properties of the soil, such as soil texture and pH, and the processes that affect microbial activity. That is in agreement with the results obtained in the present study, mainly that the positive relationship between clay content and the carbon stock in the MAC fraction is related to the mechanisms of soil carbon sequestration. The POC fraction is considered a labile carbon pool, characterized by the transition between the litter carbon and the mineral-associated organic matter (Christensen 2001) . The fact that we found phosphorus and sulfur concentrations to be related to the POC fraction might be attributable to the release of nutrients through leaching during the initial phase of litter decomposition. The release of phosphorus from the litter of Eucalyptus globulus is related to the reduction in mass during decomposition (Madeira et al. 2007) , and the leaching of soluble sulfates contributes significantly to the release of sulfur from the litter (Homann et al. 1991) . In addition, the relationship between phosphorus and sulfur in the POC fraction might be associated with the release of amino acids during decomposition (Poirier et al. 2005) . One limitation of the present study is that we did not analyze the chemical composition of the leaf litter throughout the decomposition process. Therefore, we cannot infer that the release of nutrients through litter decomposition is responsible for the concentrations of phosphorus and sulfur showing positive relationships with the carbon stock in the POC fraction. Furthermore, the positive relationship observed for the nutrients phosphorus, sulfur, copper and zinc might be associated with the important roles that these nutrients play in plant physiology, rather than with their roles in the processes of aggregation and stabilization of the SOM. Six et al. (2001) and Poirier et al. (2005) found that the chemical composition of different soil fractions was determined predominantly by plant material, differing only in the nature of organic compounds according to the soil fraction analyzed. In the present study, we found that none of the chemical characteristics of the leaf litter fraction showed a significant relationship with the POC or MAC fraction. We believed that the lignin concentration in the litter would be associated with carbon stock, especially in the MAC fraction, because of its recalcitrance. However, neither the lignin concentration nor the lignin:nitrogen ratio was associated with changes in the soil carbon stock. It is likely that our period of evaluation (12 months) was too short, which prevent us from detecting relationships between recalcitrant residues in the leaf litter and soil carbon accumulation.
In eucalyptus plantations, the leaf litter usually decays more slowly and accumulates in the soil in greater proportion than in native tropical forests (O'Connell & Sankaran 1997) . Aerts & Chapin (2000) postulated that within a particular climate zone, the parameters related to the chemical composition of the litter exert greater control over the decomposition process, and the lignin:nitrogen ratio is considered the best indicator of decomposability. The lignin concentration and lignin:nitrogen ratio can be used as indicators of the decomposition of organic residues in the eucalyptus forest, although not as measures of the variations in soil carbon accumulation. The decay constant observed here for Eucalyptus saligna plantations under a subtropical climate (0.49) was similar to those observed for plantations of E. grandis in Argentina (Goya et al. 2008) ; of E. globulus in Portugal (Madeira et al. 2007) ; and of E. dives and E. rubida in Australia (Crockford & Richardson 2002) .
Our results indicate that carbon accumulation in a weathered subtropical Ultisol is mainly associated with the reactions of organic matter stabilization through the interaction of organic matter with clay particles and, to a lesser extent, with metal ions. It is also of note that, in that same soil, the intrinsic characteristics of the soil had a greater impact on carbon accumulation than did the decomposition of organic residues or the chemical characteristics of the leaf litter.
